Temperature and chemesthesis interact, but this interaction has not been fully examined for most irritants. The current experiments focus on oral pungency from carbonation. Previous work showed that cooling carbon dioxide (CO 2 ) solutions to below tongue temperature enhanced rated bite. However, to the best of our knowledge, the effects of warming to above tongue temperature have not been examined. In Experiment 1, subjects sampled CO 2 solutions at 4 nominal concentrations (0.0, 2.0, 2.8, and 4.0 v/v) × 5 temperatures (18.3, 24.5, 29.9, 34.5, and 39.6 o C). Subjects dipped their tongue tips into samples and rated bite. As in previous work, subjects rated cool solutions (25.0 o C and lower) as more intense. Warming solutions above tongue temperature (39.6 o C) did not affect ratings. Experiment 2 examined warmer temperatures (18.3, 33.9, 39.0, 44.9, and 48.2 ºC). Bite was enhanced only at 48.2 ºC, and a follow-up experiment suggested that enhancement was probably due to confusion between carbonation bite and mild heat pain. Experiment 3 examined the effect of menthol cooling by pretreating the tongue with menthol. Unlike physical cooling, menthol cooling had little or no effect on rated bite. The results are discussed in the context of candidate transduction mechanisms for carbonation sensation.
Introduction
Thermal sensation and chemesthesis (e.g., burn from hot peppers) interact extensively (Green 1985 (Green , 1986a (Green , 2005 Albin et al. 2008; Albin and Simons 2010) . Some of these interactions probably occur at membrane-bound receptors in sensory afferents, including ligand-gated ion channels of the transient receptor potential (TRP) family. TRPM8 responds to both physical cooling and cooling compounds like menthol (McKemy et al. 2002; Peier et al. 2002) . TRPA1 responds to both noxious cold and various electrophilic irritants . TRPV1 responds to both heat and capsaicin, a main active compound in hot chilli peppers (Caterina et al. 1997; Tominaga et al. 1998) . The modulation of capsaicin burn, in particular, closely mirrors the response properties of TRPV1: cooling attenuates both perceived burn from capsaicin and the sensitivity of TRPV1 to capsaicin, whereas heating enhances both perceived burn and the sensitivity of TRPV1 to capsaicin (Caterina et al. 1997; Tominaga et al. 1998; Green 1986a) . Thus, TRPV1 likely plays an important role in both transduction and temperature modulation of capsaicin burn.
In other cases, the mechanisms that underlie temperature effects are less clear (Yau and McDaniel 1991; Green 1992; Albin and Simons 2010) . The distinct oral pungency associated with carbonation (carbon dioxide [CO 2 ] dissolved in liquid) is an important example. In psychophysical work by Barry Green (1992) , subjects rated cool solutions of CO 2 as more pungent than thermally neutral solutions of the same concentration and rated carbonated solutions as cooler than noncarbonated solutions at the same cool temperature (also see Yau and McDaniel 1991) . Accordingly, sensory mechanisms sensitive to cooling seem to play a role in carbonation sensation, but the identity of those mechanisms remains unclear.
Although bubbles are a salient and important aspect of the overall experience of carbonated beverages, it is becoming increasingly clear that the painful or pungent component of carbonation sensation is due to acidification of tissue and embedded nerve endings that occurs when CO 2 is hydrated to carbonic acid (Komai and Bryant 1993; Shusterman et al. 2003; Simons et al. 1999; Wang et al. 2011) . Carbonic anhydrase (CA) is needed for sufficient acidification, since CA inhibitors specifically block responses to CO 2 solutions both in peripheral trigeminal neurons and neurons in the trigeminal nucleus caudalis (Komai and Bryant 1993 , Simons et al. 1999 , Dessirier et al. 2001 . Further, inhibition of CA specifically decreases rated carbonation bite in human subjects (Simons et al. 1999; Dessirier et al. 2001) . Cross-desensitization with capsaicin also attenuates rated carbonation bite in humans, which suggests that polymodal nociceptors are involved (Dessirier et al. 2001) . Various acid-sensitive receptor mechanisms are expressed in nociceptors, including TRPV1 and ASICS (Tominaga et al. 1998; Molliver et al. 2005) , though recent work strongly suggests that TRPA1 plays a major role in transduction of intraneuronal acidification, both for weak acids in general and from CO 2 in particular (Wang et al. 2010 (Wang et al. , 2011 .
TRPA1 might play a role in observed cooling enhancement of carbonation sensation. The cold temperatures that activate TRPA1 may be somewhat lower than the temperatures at which cooling begins to enhance carbonation bite (Yau and McDaniel 1991; Green 1992; Story et al. 2003) , but cooling could conceivably enhance the acid sensitivity of TRPA1 like warming sensitizes the acid sensitivity of TRPV1 (Caterina et al. 1997; Tominaga et al. 1998; Wang et al. 2012) . Regardless, if TRPA1 is responsible for temperature effects on carbonation bite, one would expect warming, which strongly inhibits the responses of this channel to agonists like mustard oil (Wang et al. 2012) , to also suppress carbonation bite. To the best of our knowledge, no published studies have tested this prediction by examining the effects of heating on carbonation bite. The current experiments fill this gap by presenting CO 2 solutions both below and above ambient tongue temperature, up to temperatures near the threshold for nociception (Experiments 1 and 2).
Since TRPM8 is a major transduction mechanism for physical cooling (McKemy et al. 2002; Peier et al. 2002) , TRPM8 could also play a role in cooling enhancement of carbonation bite. If so, one might expect other TRPM8 agonists to enhance carbonation sensation. In Experiment 3, we tested this hypothesis by determining whether cooling from menthol also enhances carbonation bite.
Materials and methods
Experiment 1: Replication of cooling enhancement of carbonation bite and extension to temperatures slightly warmer than the tongue This experiment sought to replicate past findings of cooling enhancement of carbonation bite using a different methodology (time-intensity [TI] scaling of carbonation bite) and extend studies of the interaction between thermal sensation and chemesthesis by presenting some carbonated solutions heated to above tongue temperature.
Subjects
Fifteen healthy subjects (9 women and 6 men, ages 24-60, mean age = 30.1, median age = 27) provided the data. None of the subjects used medication on a regular basis. Subjects were recruited from the greater Philadelphia area and from the staff of the Monell Chemical Senses Center. Most had previous experience with psychophysical experiments, including ratings of intensity. Two subjects reported smoking on occasion (less than 1 cigarette per day). The rest were nonsmokers. The experiments were done in compliance with the Declaration of Helsinki for Medical Research involving Human Subjects and approved by the Schulman Associates Institutional Review Board (IRB). Subjects provided written, informed consent on forms approved by the Schulman Associates IRB.
Stimulus materials
Samples were stored in 285-mL bottles, sealed with twist caps. Bottles were prepared specially for the project by Coca Cola. There were 4 nominal carbonation levels (volumes of CO 2 / volume of H 2 O): 0.0, 2.0, 2.8, and 4.0 v/v. All samples were prepared at the same time, using the same water. Samples were presented by uncapping a bottle and pouring approximately 65 mL of solution into a 3 oz (88.7 mL) plastic cup (each bottle was used to pour only 1 sample). Temperature was controlled by placing bottles in temperature-controlled water baths at least 1 h before testing. Previous temperature measurements (using Physitemp BAT-12 electronic thermometer; Physitemp) established that bottles assumed the temperature of the various water baths well within this time. Water baths were maintained at 18.0, 24.0, 30.0, 35.0 and 40.0 °C (± 1 °C).
Calibration
CO 2 concentrations were measured at the delivered temperatures using a CO 2 -specific electrode (Orion 95-02; Thermo Electron Corporation), calibrated using NaHCO 3 standard solutions. Since CO 2 concentrations were too high for the electrode to resolve, samples were diluted 20-fold with boiled Millipore filtered water. To prevent loss of CO 2 , 2 mL of 10 M NaOH was added to convert CO 2 to CO 3 2− before dilution. Minutes after dilution, CO 3 2− was converted back to CO 2 by adding lactic acid, and concentration was measured using the electrode.
To determine how temperature and concentration affected CO 2 loss over time, NaOH was added to separate cups of carbonated water immediately after pouring, 20.0 s after, 40.0 s after, and 60.0 s after. Each freshly opened bottle was used to pour only one sample. This procedure was repeated 3 times each for all 15 combinations of 5 temperatures (ranging from 18 to 48 °C) and 3 nominal concentrations (2.0, 2.8, and 4.0 V).
Plots of measured concentration (mM) for the 2 extreme temperatures appear in Figure 1 . For all temperatures (some data not shown), concentration changed very little between 20 and 40 s after pouring. For this reason, solutions were presented to subjects during this time (see "Procedure," below). In the remainder of the manuscript, all concentrations will reflect the average of measurements at 20 and 40 s. Concentration tended to decrease as temperature increased, particularly for higher levels of carbonation (Figure 2 ).
Since concentration changed systematically with temperature, curves fitted to the data in Figure 2 were used to calculate concentration for a given temperature. Stimulus temperature was measured 20 s after pouring. Average temperatures were: 18.3, 24.5, 29.9, 34.5 and 39.6 °C, and varied by 1.0 °C or less. The first 3 temperatures were well below typical tongue temperature, and the last temperature was slightly warmer than tongue temperature.
Procedure
In each experimental trial, a sample bottle was selected (out of the subjects' sight), opened, and immediately poured. Twenty seconds after pouring, the subjects placed the anterior 1.5-2.0 cm of their tongues into the sample (20 s elapsed to allow CO 2 concentrations to stabilize somewhat; see "Calibration" above). Subjects were asked to hold their tongues as still as possible for 20 s. During the 20 s in which their tongues were submerged, subjects continuously tracked the intensity of carbonation bite (Figure 3 ). Subjects were told that they might experience some numbing or tickling from bubbles breaking against the tongue, but that they should focus on sensations of pungency (which could include burning, stinging, and sharpness).
Subjects tracked intensity by moving a mouse which controlled the position of a pointer next to an intensity scale generated on the computer monitor (General Labeled Magnitude Scale [gLMS]; Bartoshuk et al. 2004) . Pointer position was recorded every 0.5 s as a numeric reading, though only intensity descriptors ("No Sensation," "Barely Detectable," "Weak," "Moderate," "Strong," and "Strongest Imaginable Sensation of any kind") were visible to subjects.
An initial experimental session provided practice. Subjects received between 10 and 20 randomly selected combinations of temperature and concentration. Two more sessions provided data for analysis. During each of these sessions, subjects received all 20 combinations of temperature and concentration, once each, in random order. At least 2 min A laboratory member demonstrating the apparatus. A wooden rack holds cups of stimulus solution while subjects view a computer-generated intensity scale on a monitor. Subjects tracked the intensity of carbonation bite by moving a mouse, which in turn controlled the height of a slider next to the intensity scale (The pictured individual provided written consent for her image to be published. A copy of the consent document is available on request).
elapsed between the end of one trial and the beginning of the next. The 3 test sessions occurred on separate days. Subjects competed all sessions within about 2 weeks (mean = 12 days, range = 9-15 days). Subjects were asked to refrain from smoking, eating, or drinking (except for water) for at least 1 h prior to each experimental session.
Data analysis
Most effects were assessed using repeated measures ANOVA conducted using Statistica software (Version 8.0; Statsoft). Initial analyses indicated that some violations of sphericity occurred, so both univariate analyses with corrected degrees of freedom (Greenhouse and Geisser 1959) and multivariate (MANOVA, Wilk's test) analyses (Gill 2001) were conducted. Because both approaches supported the same general conclusions, we only report the univariate results below (significance criterion of P < 0.05). In addition, post-hoc contrasts tested all pair-wise comparisons between different temperatures. These contrasts used a Bonferroni correction for multiple comparisons.
Experiment 2: A more extended range of warm temperatures
This experiment was conducted to determine whether a wider range of temperatures above that of the tongue would modulate carbonation bite. For the most part, the design, methods, and procedures exactly matched those of Experiment 1. Only the range of temperatures changed. Water baths were maintained at 18.0, 34.0, 39.0, 45.0, and 49.0 °C (± 1.0 °C). Measured temperatures 20 s after pouring were: 18.3, 33.9, 39.0, 44.9, and 48.2 °C, and varied by 1.0 °C or less.
Sixteen (10 women and 6 men) healthy participants (ages 25-60, mean age = 31.4, median age = 27) were recruited for the experiment. Fourteen had participated in Experiment 1. Two subjects became unavailable during testing and were not able to complete all test sessions in a timely manner. Data from these subjects were excluded. Thus, data from a total of 14 subjects were analyzed. The experiments were done in compliance with the Declaration of Helsinki for Medical Research involving Human Subjects and approved by the Schulman Associates IRB. All subjects provided written, informed consent on forms approved by the Schulman Associates IRB prior to any testing.
Experiment 3: The effect of menthol on carbonation bite
Might TRPM8, or fibers that express this receptor, be involved in enhancement of carbonation bite? If so, we would expect cooling compounds like menthol to potentiate the enhancement effect since menthol causes TRPM8 to respond at warmer temperatures and enhances oral cooling in human subjects (Green 1985; McKemy et al. 2002; Mälkiä et al. 2007 ).
Participants
Twelve (10 women, 2 men) nonsmoking adults (ages 22-42, mean age = 30.5, median age = 30) participated. All were healthy by self-report. Subjects were recruited from among Monell employees and the surrounding community and were paid for participating. All had served in psychophysical experiments before, rating the intensity of taste, smell, or chemical irritation. Four had previously rated the intensity of carbonation sensation. All were naive to the purpose of the experiment. The experiments were done in compliance with the Declaration of Helsinki for Medical Research involving Human Subjects and approved by the Schulman Associates IRB. All subjects provided written, informed consent on forms approved by the Schulman Associates IRB prior to any testing.
Stimulus materials
Materials included both stimuli to be rated, and pretreatment stimuli (see below). The stimuli to be rated included one concentration of carbonated water (2.8 V/V nominal, or 114.2 mM as presented) and uncarbonated water (blank). One pretreatment stimulus was an aqueous solution of (−)-menthol. The solution was created by first dissolving 0.4 g of menthol (Sigma-Aldrich) in 80 mL of ethanol (USP grade, 95%), then in 20 mL of polyoxyethylenesorbitan (Tween 80). Ten milliliters of the resulting stock solution was diluted in 190 mL of Millipore filtered, deionized water to form a final concentration of 1.28 mM. The other pretreatment stimulus was filtered, deionized water with the equivalent concentrations of ethanol and Tween 80 (blank). Bottles containing all stimuli were maintained at 25 °C(±1 °C), as described previously. Stimuli were presented in 80 mL glass beakers, into which liquids were poured 20 s before presentation.
Pilot work
Pilot work was conducted to choose a menthol stimulus that produced as strong a cooling sensation as possible without also producing noticeable irritancy (which could be perceptually similar to carbonation bite). Thermally neutral solutions were ruled out, since warm temperatures strongly suppressed menthol cooling. Accordingly, solutions around room temperature (25 °C) were selected. Further, due to differences in dynamics of sensation between thermal and menthol cooling, the most effective method for presenting menthol was pre-exposure: Subjects dipped the tips of their tongues into a menthol solution first, removed their tongues, then dipped their tongue tips into the solution to be rated. A 20-s menthol predip enhanced the cooling sensation from a subsequent dip into 25 °C water (Green 1985) . According to pilot work, maximal cooling enhancement without noticeable irritancy was achieved using a 1.28 mM solution (see "Stimulus materials," above).
Subject training
Subject received refresher instructions regarding the use of the gLMS (all had used the scale before). Next, subjects were presented with exemplars of thermal cooling (15 °C water), menthol cooling (1.28 mM), and carbonation bite (2.8 V/V carbonated water at room temperature). Subject held their tongue tips in each exemplar for 10 s and rated the strongest sensation felt during that time. Finally, subjects practiced several TI ratings of carbonation bite, using both 2.8 V/V samples and water blanks.
Procedures, manipulation check
To confirm that the menthol predip actually enhanced cooling, subjects completed an initial session in which they rated various cooling stimuli. First, subjects dipped the tips of their tongues in water samples at 5, 10, 25, and 35 °C for 10 s. Subjects were instructed to rate the strongest cooling intensity felt during the 10 s for each sample. Subjects rated all stimuli twice in blocked, random odor. At least 2.5 min separated samples. Next, after a break of 10 min, subjects first dipped their tongue tips in 1.28 mM menthol at 25 °C for 20 s, then dipped their tongue tips in water at the same temperature. Subjects were instructed to rate the cooling felt during the second (water dip). Thus, we were able to compare menthol cooling in the current paradigm with thermal cooling.
Procedures, main experiment
During each trial, subjects were presented with 2 beakers, held in a wooden rack. The beaker on the left contained a "pre-dip" solution, either menthol solution or a blank. The beaker on the right contained the stimulus to be rated, either carbonated water or a blank. Subjects first dipped the tip of their tongue in the predip solution for 20 s, then immediately switched to the stimulus to be rated for 20 s. Timing was guided by prompts on a computer screen. Subjects clicked a mouse as they dipped their tongue tip in the stimulus to be rated, which in turn started a TI scaling routine. Subjects continuously tracked intensity of carbonation bite (as described for Experiment 1, above). Subjects rated each combination of predip (blank vs. menthol) and stimulus to be rated (blank vs. carbonated water) twice each in blocked, random order. Because the effects of menthol persisted for many minutes, at least 1 h separated successive trials, and subjects completed no more than 4 trials on a given day. Subjects completed all 8 trials in 2-4 days.
Data analysis
Ratings of carbonation bite were analyzed primarily using ANOVA models, as described in previous experiments. Cooling enhancement by menthol was evaluated in 2 ways. First, cooling from 25 °C water after menthol prestimulation was compared with cooling from 25 °C water using a matched-pairs t-test. Second, cooling intensity from the various water samples was plotted versus temperature. A linear function was fit to the resulting curve through least-squares regression (Although power functions fit most psychophysical curves best, oral cooling from liquid stimuli tends to decrease as a linear function of temperature [Green 1986b; Weiffenbach et al. 1990; Furuya-Yoshinaka et al. 2009 ].). The resulting linear function was solved for temperature and used to calculate the water temperature that would produce a cooling sensation equivalent to 25 °C water after a menthol predip.
Results and Discussion
Experiment 1: Replication of cooling enhancement of carbonation bite and extension to temperatures slightly warmer than the tongue
General characteristics of TI ratings of carbonation bite
Average (across subjects) ratings reached a peak within approximately 5 s after dipping the tongue in carbonated water and changed very little thereafter (see Figure 4 for representative data). Rated intensity increased with carbonation level, demonstrating an expected concentration-response relationship. The highest concentration at 18 °C was rated between "strong" and "very strong." All other stimuli were rated lower, most in the "weak" to "moderate" range. Ratings for noncarbonated blanks fell below "barely detectable" (essentially 0) for all temperatures. Because of the null ratings, data for the blanks were not analyzed further.
The shapes of the TI curves suggested 3 reasonable measures of rated intensity for quantitative analysis: peak intensity, total area under TI curves, and area under the curves from 5 to 20 s after dipping the tongue. We performed analyses using all 3 intensity measures. However, since all analyses supported the same conclusions, only analyses of peak intensity are reported.
The effect of temperature and concentration on rated intensity
Intensity ratings for the 2 replicate trials for each condition were averaged (within subjects) using the arithmetic mean. Next, ratings were log transformed, since distributions of LMS ratings tend to be log-normally distributed across subjects (Green et al. 1996; Wise et al. 2003) . Log-transformed ratings were submitted to a 2-way, within subjects ANOVA: Concentration (3 levels) × temperature (5 levels). The effect of concentration reached significance, F(1.8, 24.6) = 166.07, P < 0.000001, again demonstrating an orderly concentration-response relationship. The effect of temperature also reached significance, F(2.0, 27.9) = 28.43, P < 0.000001, showing that temperature had a reliable impact on rated intensity. The interaction between concentration and temperature failed to reach significance (P = 0.26).
Psychophysical functions (log-rated intensity vs. log concentration) for the 5 temperatures ( Figure 5 ) suggest that the 2 lower temperatures (18 and 24 °C) were rated as more intense than the 3 warmer temperatures, with little difference between the 3 warmer temperatures. Post-hoc contrasts confirmed this impression (18.3 °C > 24.5 > 29.9 = 34.5 = 39.9). Thus, according to these results, the threshold for cooling enhancement of carbonation bite appears to be lower than about 30 °C. Regardless, enhancement of carbonation bite by cooling to well below ambient tongue temperature is consistent with previous work (Yau and McDaniel 1991; Green 1992) . Further, as suggested by the nonsignificant interaction, the slopes of the psychophysical functions were roughly comparable and did not appear to vary systematically with temperature. This finding is also consistent with previous work (Green 1992) . The observed slopes (from 1.25 to 1.80) fell within the range of published values for oral bite from carbonated water (Cometto-Muñiz and Noriega 1985; Cometto-Muñiz et al. 1987; McDaniel 1990, 1991; Green 1992 ). Thus, the results were broadly consistent with previous findings and support the idea that nerve fibers sensitive to cooling play some role in carbonation sensation.
In contrast to the cooling effect, warming CO 2 to above tongue temperature had no measurable effect on rated carbonation bite. Of course, 40 °C is not far above tongue temperature, so heating effects are still possible with higher temperatures.
Experiment 2: A more extended range of warm temperatures

General characteristics of TI ratings of carbonation bite
TI curves (data not shown) resembled those from Experiment 1 in most respects. However, one interesting difference appeared. For ratings of blanks, the effect of temperature (on peak intensity) reached significance, F(1.7, 22.2) = 6.37, P < 0.01. Post-hoc comparisons revealed that blank ratings for the 48.2 °C sample were significantly higher than all other temperatures with a mean value of 6.53 ± 2.12, which fell at about "weak" on the intensity scale. Ratings for blanks at temperatures below 48.2 °C were not significantly different, fell at or below "barely detectable," and were not significantly different from zero. In short, subjects reported essentially no carbonation bite in noncarbonated samples below 48.2 °C and reported weak but statistically significant carbonation bite in noncarbonated samples at 48.2 °C. Ratings of bite for the water blank at 48.2 °C were actually comparable to ratings for the lowest level of carbonation at intermediate temperatures (see Figure 6 ). We shall return to this point later.
The effect of temperature and concentration on rated intensity
As in Experiment 1, the effect of concentration reached significance, F(1.6, 21.3) = 78.90, P < 0.000001, demonstrating an orderly concentration-response relationship for rated intensity. The effect of temperature also reached significance, F(2.8, 36.3) = 26.02, P < 0.000001, showing that temperature Figure 5 Psychophysical functions for carbonation bite measured in Experiment 1. Y axis: Log-rated intensity (peak or maximum intensity from time-intensity curves). X axis: Log CO 2 concentration. Lines were fit to functions for each concentration using least squares regression. Error bars: ± standard error of the mean (± SEM). Downloaded from https://academic.oup.com/chemse/article-abstract/39/7/571/2908147 by guest on 13 December 2018 had a reliable impact on rated intensity. Unlike Experiment 1, the interaction between concentration and temperature reached significance, F(3.1, 40.3) = 2.90, P < 0.05, suggesting that the relationship between concentration and intensity was not the same for all temperatures.
Psychophysical functions for the 5 temperatures ( Figure 6 ) highlight 2 important features of the data. First, ratings for the lowest and highest temperatures exceeded ratings for the intermediate temperatures, which in turn appear to differ relatively little from each other. Post-hoc contrasts on the effect of temperature confirmed this impression: ratings for 18.3 °C = 48.2 > (33.9 = 39.0 = 44.9). Second, consistent with the significant interaction, the slope of the function for 48.2 °C appears flatter (0.52) than the slopes for other temperatures (1.43-1.68, a range comparable that of Experiment 1). In another ANOVA which excluded data for 48.2 °C, the concentration × temperature interaction failed to reach significance (P = 0.36), which shows that psychophysical functions for the other temperatures were roughly parallel. Further, in 4 ANOVAs that paired 48 °C with each of the other temperatures, the interaction reached significance (P values ranged from 0.008 to 0.03). The results of these post-hoc analyses are consistent with a flatter intensity-concentration relationship for 48.2 °C, though there was still a significant effect of concentration in a one-way ANOVA that excluded data for the other 4 temperatures (P < 0.01). Accordingly, warming CO 2 solutions to 48 °C did enhance bite, but this effect did not perfectly mirror cooling enhancement because 1) heating changed the slope of the psychophysical function; and 2) heating CO 2 to 48 °C imparted a slight rated bite to water blanks.
Of course, concentration decreased as temperature increased, a result of more rapid outgassing of CO 2 after opening sample bottles. However, loss of CO 2 in the warmest solutions cannot explain the flatter slope of the psychophysical function since concentrations used to plot psychophysical functions took the temperature effect into account. Decreasing concentrations also cannot account for enhanced bite at 48 °C, since loss of CO 2 would be expected to reduce rather enhance intensity.
Brief follow-up experiment
The non-zero ratings of bite for the blanks at the highest temperature suggest another possibility, namely that subjects may have included mild heat pain with carbonation bite when making ratings. Inclusion of heat pain in ratings of bite seems plausible since instructions emphasized that "bite" was to include nociceptive components of sensation, including burn. Both the 45 and 48 °C samples were above the nominal threshold for many polymodal nociceptors (Bessou and Perl 1969) , though it is possible that only the 48 °C sample actually raised the temperature in the tongue tissue to mildly painful levels. Regardless, inclusion of multiple sensations in ratings of intensity, which some have called "halo-dumping" (Lawless and Clark 1992) , has been observed in other contexts. For example, a tasteless strawberry odor added to a sucrose solution may enhance ratings of sweetness if subjects only rate sweetness, but not if subjects also rate "fruitiness."
If enhancement of carbonation sensation at the highest temperature was related to inclusion of mild heat pain in ratings of CO 2 bite, then methods that encourage an analytical approach (and thereby reduce the probability of including heat pain in ratings of carbonation bite) should attenuate the enhancing effect of heat (see Frank 2003; Wise and Breslin 2011) . Fourteen subjects who had served in Experiments 1 or 2 returned for additional testing. Subjects were trained with 53 °C water as an exemplar of noticeable but mild heat pain (called "burn" for the purposes of the experiment), and 33 °C carbonated water (2.5 V/V) as an exemplar of carbonation bite (called "bite"). Then, in a single session, subjects sampled 9 stimuli: 3 levels of carbonation (0.0, 2.8, and 4.0 V/V) × 2 temperatures (33 and 50 °C). Subjects sampled each stimulus twice in blocked, random order with at least 2 min between samples. For each sample, subjects rated both burn and bite. Since simultaneous TI scaling of both sensory qualities could prove difficult, subjects sampled by placing their tongue tips in solutions for 10 s, then rating the strongest sensations felt during that time.
Ratings of burn and bite were submitted to separate, 3 × 2 ANOVAs. For bite, the main effect of carbonation level reached significance, F(1. 29, 16 .79) = 31.01, P < 0.0001. However, the main effect of temperature and the interaction failed to reach significance. For burn, the effect of carbonation level just failed to reach significance, Figure 6 Psychophysical functions for carbonation bite measured in Experiment 2. Y axis: Log-rated intensity (peak, or maximum, intensity from time-intensity curves). X axis: Log CO 2 concentration. Lines were fit to functions for each concentration using least squares regression. Error bars: ± SEM.
Downloaded from https://academic.oup.com/chemse/article-abstract/39/7/571/2908147 by guest on 13 December 2018 F(1.67,21.70) = 3.58, P = 0.053, but the effect of temperature did reach significance, F(1,13) = 61.23, P < 0.00001. The interaction for ratings of burn was not significant. Interestingly, subjects tended to ascribe some carbonation bite to the warmer uncarbonated samples ( Figure 7A) , and there was a trend toward higher thermal burn for the carbonated samples ( Figure 7B ). Even with training and enhanced response options, thermal burn and carbonation bite might either enhance one another slightly or have enough perceptual similarity to be somewhat confusable.
Regardless, in the current paradigm designed to encourage a more analytic approach, enhancement of carbonation bite by heat was largely eliminated. Accordingly, it seems likely that heating enhancement in Experiment 2 depended on inclusion of heat and carbonation sensations in ratings of bite, and therefore represents a higher level (i.e., cognitive) interaction. Such an effect would also be at least qualitatively consistent with a flatter psychophysical function for 48 °C samples since "adding" a constant weak heat pain would increase rated bite for lower CO 2 concentrations by a greater proportion than bite from stronger concentrations.
Taken together, the results of the first 2 experiment now provide information on the impact of a wider range for temperatures, with enhancement of bite up to about 25 °C, but little or no effect at 30 °C up to temperatures at which ratings become complicated by heat pain. Our results contrast with those for capsaicin burn, another common and well-characterized pungent chemosensation. Capsaicin burn is enhanced by warming and suppressed by cooling, broadly consistent with what is known regarding the effect of temperature on the TRPV1 channel (Green 1986a; Patapoutian et al. 2003) . Interestingly, the effects of temperature on carbonation bite more closely resemble results for isobutylalkylamide, a tingling compound derived from sanshool (Albin and Simons 2010) . Tingling on the tongue from isobutylalkylamide was enhanced by water at 0 and 21 °C, but unaffected by water at 33 and 41 °C. Like the sensation from alkylamides, carbonation sensation is often described as having a tingling component (Kappes et al. 2006 (Kappes et al. , 2007 , though it is unclear whether "tingling" refers to the same sensation quality in both cases. Regardless, it is clear that different pungent chemesthetic sensations are affected differently across the range of innocuous temperatures.
Current results in the context of sensory physiology
Work in rodents suggests that TRPA1 is a major transducer of CO 2 in trigeminal neurons (Wang et al. 2010) . The pH sensitivity of TRPA1 is certainly susceptible to modulation, for example, by covalent agonists (Wang et al. 2011) . The lowest temperature we tested that enhanced carbonation bite was 25 °C, not far above the 20 °C threshold at which heterologously expressed TRPA1 is activated . Thus, even innocuous cooling may enhance the sensitivity of TRPA1 to protons, much like heating sensitizes TRPV1 to protons. Accordingly, cooling enhancement of carbonation bite could come from a peripheral convergence of physical cooling and acidification at TRPA1. On the other hand, warming strongly inhibits the responses of this channel to covalent agonists like mustard oil (Wang et al. 2012) . If warming also suppresses TRPA1 responses to acids, we would expect warming to suppress carbonation bite. We observed no such effect. Thus, existing data suggest that the response properties of TRPA1 do not mirror carbonation bite as closely as capsaicin burn mirrors the response properties of TRPV1.
Though TRPA1 is a major component of carbonation transduction, it may not be the only mechanism involved. Trigeminal neuron cultures from knockout mice had about 4-or 5-fold fewer CO 2 -sensitive cells than cultures from wildtype mice, but still had cells that responded to carbonated water (Wang et al. 2010) . The transduction mechanisms underlying these residual responses remain unclear, but several acid-sensitive mechanisms qualify as reasonable candidates, including TRPV1 and DRASIC (Caterina et al. 1997; Ugawa et al. 2002) .
TRPV1 is sensitive to moderate excursions from normal physiological pH and is expressed in polymodal nociceptors (Caterina et al. 1997) . TRPV1 is unlikely to be involved in the cooling enhancement of CO 2 bite since TRPV1 currents are suppressed by cooling (Babes et al. 2002) . Further, since heating sensitizes responses of TRPV1 to free protons (Tominaga et al. 1998; Voets et al. 2004) , the finding that heating carbonated water had little or no effect on rated bite is inconsistent with TRPV1 playing a significant role in CO 2 transduction. Thus, existing human psychophysical data are inconsistent with TRPV1 playing a role in either transducing or enhancing carbonation sensation. Liman and colleagues reached similar conclusions based on animal work (Wang et al. 2011) .
In contrast, DRASIC, a channel found in many nociceptors, is more sensitive to acidic pH than TRPV1 (Ugawa et al. 2002) . Moreover, DRASIC is positively modulated by cooling, resulting in more sustained responses to acidification (Askwith 2001) , consistent with greater neural activation and more intense carbonation sensation. On the other hand, if DRASIC is involved in the bite of CO 2 , it would be difficult to explain how amiloride, an inhibitor of DRASIC, causes a moderate increase in the bite from carbonated water (Dessirier et al. 2001) . Amiloride also inhibits Na/H exchangers (Steen et al. 1999 ). Inhibition of Na/H exchangers during tissue acidification would tend to further lower intracellular pH, potentially activating TRPV1, DRASIC, and TRPA1. Moreover, amiloride enhances a pH-induced sustained inward current in trigeminal sensory neurons (Liu and Simon 2000) , which could possibly offset an inhibitory effect of amiloride on DRASIC. In short, existing data are potentially consistent with DRASIC playing a role in either transduction or enhancement of carbonation sensation.
Experiment 3: The effect of menthol on carbonation bite
Manipulation check
Rated cooling from the water samples (without menthol predips) increased as temperature decreased (Figure 8 , filled squares). A linear function fit the curve very well (data for the 35 °C samples were excluded since all subjects gave "0" ratings to this neutral temperature). Based on the linear fit, cooling from 25 °C water after a menthol predip (Figure 8 , open square) was equivalent to cooling from water at 11.1 °C. Regardless, 25 °C water was rated as cooler after the menthol predip than without the predip, t(11) = 3.18, P < 0.01. Thus, the menthol predip was an effective manipulation for enhancing the cooling of a 25 °C liquid sample, as suggested by previous work (Green 1985) .
Two differences from previous work were apparent. First, the slope of cooling versus temperature function for water samples was considerably steeper in the current study than in previous studies of oral cooling from liquids (Green 1986b; Weiffenbach et al. 1990; Furuya-Yoshinaka et al. 2009 ). Second, the cooling enhancement from the menthol pretreatment in the current study was more robust than in a previous study using a comparable concentration of menthol (Green 1985) . Numerous methodological differences could have contributed to the discrepancies, including whole-mouth sampling in previous studies versus tongue tip only in the current study, TI scaling using the LMS in the current study versus single ratings using magnitude estimation in previous studies, differences in sampling times, or differences in stimulus context.
Main experiment
Inspection of the TI curves suggests that uncarbonated samples were rated as having essentially no bite, carbonated samples were rated as having substantial bite, but that the predip condition had little or no impact on ratings (Figure 9 ). Analyses confirm these impressions. Peak intensity ratings of carbonation bite were submitted to a pretreatment (blank vs. menthol) × rated stimulus (blank vs. carbonated) ANOVA. The effect of carbonation level reached significance, F(1,11) = 60.89, P < 0.00001. However, the effect of menthol pretreatment and the interaction failed to reach significance. Accordingly, though menthol pretreatment enhanced the perceived cooling of the liquid samples, it did not significantly enhance rated carbonation bite as cooling did in previous experiments.
Positive control
Would the contrast between 25 °C water and the calculated equivalent after menthol enhancement (about 11 °C) be enough to observe a significant cooling effect on carbonation bite? To test this, we conducted a follow-up experiment in 12 healthy adults, including 10 from Experiment 3. Methods for the control experiment were largely the same, except for the following. The predip liquid was always 25 °C water, and there were 4 stimuli to be rated: 2 levels of carbonation (blank vs. 2.8 V) × 2 temperatures (10 and 25 °C) (We targeted 11 and 25 °C, but actual measured temperature for the colder stimulus was a degree lower.). Unlike menthol-enhanced cooling, water at a perceptually comparable level of perceived cooling significantly enhanced peak-rated intensity of carbonated samples, F(1,11) = 24.01, P < 0.001. The effect of carbonation level again reached significance, F(1,11) = 82.92, P < 0.00001, as did the interaction, F(1,11) = 18.71, P < 0.01. Inspection of the TI curves ( Figure 10 ) shows that bite from the 10 °C carbonated samples was rated as significantly more intense than bite from the 25 °C samples. Temperature had no effect on the uncarbonated samples, which were rated as having essentially no bite. Thus, a temperature that produced cooling comparable to perceived cooling from 25 °C water after the menthol predip did indeed enhance carbonation bite under comparable conditions. To conclude that menthol does not enhance carbonation bite would be to accept a null hypothesis, but the positive control does strengthen the conclusion that cooling from menthol is not equivalent to physical cooling in this respect.
We confirmed that cooling enhanced bite, adding further evidence that cool-sensitive nerves play some role in carbonation sensation, but Experiment 3 suggested that cooling from menthol had little or no effect on carbonation bite. Though TRPM8 is a major receptor mediating cooling sensation, and TRPM8 is expressed in at least some nociceptors (Hjerling-Leffler et al. 2007; Takashima et al. 2007 ), the current result is inconsistent with TRPM8 playing a major role in cooling enhancement of carbonation bite (in addition, the finding that warming did not inhibit bite in Experiments 1 and 2 is inconsistent with TRPM8 playing a role in transduction). Some cool-sensitive neurons do not express TRPM8 (Munns et al. 2007) , and a subset of these neurons may play a role in cooling enhancement. One possibility is that signals from menthol insensitive cool fibers converge with signals from acid-sensitive nociceptors, though it should be noted that cooling tends to blunt nociception rather than enhance it (Fruhstorfer et al. 1986; Yarnitsky and Ochoa 1990) .
Conclusions
We replicated cooling enhancement of carbonation bite, but warming had no effect on bite across a wide range of warm temperatures. This pattern of thermal modulation of carbonation bite is inconsistent with known response properties of TRPV1, and only partially consistent with known response properties of TRPA1. Accordingly, other mechanisms, including DRASICs, may be involved in transduction or thermal modulation of carbonation bite in humans. Further, though menthol enhanced perceived cooling of water samples, it did not enhance carbonation bite. This result is inconsistent with a role of TPRM8-expressing neurons in enhancement of carbonation bite.
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